specifically IgGs, is one of the major protective immune mechanisms against influenza viruses. In humans, N-glycosylation of IgGs plays a critical role in antigen binding and effector functions. The ferret is the most commonly used animal model for studying influenza pathogenesis, virus transmission, and vaccine development, but its IgG structure and functions remain largely undefined. Here we show that ferret IgGs are N-glycosylated and that their N-glycan structures are diverse. Using a comprehensive strategy based on MS and ultra-HPLC analyses in combination with exoglycosidase digestions, we assigned 42 N-glycan structures in ferret IgGs. We observed that N-glycans of ferret IgGs consist mainly of complex-type glycans, including some high-mannose and hybrid glycans, similar to those observed in human IgG. The complex-type glycans of ferret IgGs were primarily core-fucosylated. Furthermore, a fraction of N-glycans carried bisecting GlcNAc. Ferret IgGs also had a minor fraction of glycans carrying ␣2-6Neu5Ac(s). We noted that, unlike human IgG, ferret IgGs have ␣Gal epitopes on some N-glycans. Interestingly, influenza A infection caused prominent changes in the N-glycans of ferret IgG, mainly because of an increase in bisecting GlcNAc and F1A2G0 and a corresponding decrease in F1A2G1. This suggests that the glycosylation of virus-specific IgG may play a role in its functionality. Our study highlights the need to further elucidate the structure-function relationships of IgGs in universal influenza vaccine development.
Influenza epidemics are a major public health concern worldwide. Currently, seasonal influenza vaccination is the primary defense mechanism to prevent virus transmission in humans. However, influenza vaccine effectiveness varies significantly from season to season, with poor performance noted especially in recent years (1) (2) (3) (4) . For instance, the interim vaccine effectiveness was estimated as low as 33% for all influenza viruses and only as 10% for influenza A (H3N2) during the 2017 flu season in the southern hemisphere (4) .
The ferret is the most commonly used animal model for studying influenza pathogenesis, virus transmission, and vaccine development. This is because the ferret has dominant expression of ␣2-6SA-Gal structure and a minor presence of ␣2-3-linked sialic acids in the respiratory tract (5) , the receptors that are preferred by human-origin and avian-origin influenza viruses, respectively. Influenza-infected ferrets exhibit clinical signs and symptoms similar to those observed in humans (6) . Because of this human-like respiratory physiology in ferrets, antisera collected from influenzainfected experimental ferrets have been used as reference standards to monitor virus antigenic changes for annual influenza vaccine strain selection (7) (8) (9) (10) . However, ferret antibodies have also been shown to target antigenic epitopes on influenza viruses differently than human antibodies (11) (12) (13) (14) (15) (16) (17) (18) . This difference between ferret immunity and human immunity is one of the factors responsible for influenza vaccine strain mismatch (7, 19) . Our current knowledge regarding the ferret immune process on influenza viruses is limited because of a lack of systemic investigations of the ferret genome and immunity. Understanding ferret antibody structures and functionality is essential for influenza vaccine development and improvement of vaccine strain selection.
It has been recognized that glycosylation affects antibody affinity for Fc receptors and modulates antibody effector functions in humans (20 -22) . However, little is known about the glycosylation patterns of ferret antibodies. To fill this knowledge gap, we performed in-depth profiling of N-glycans on IgGs purified from ferrets with and without infection of H3N2 influenza A virus using MALDI-TOF/MS, hydrophilic interaction liquid chromatography (HILIC), 4 ultra-performance liquid chromatography (UPLC), and nanoLC-MS/MS in combination with exoglycosidase treatment. Our study indicates that, despite having the overall N-glycan structures resembling human IgG, ferret IgG also shows different glycosylation patterns that can be modulated by influenza infections. These results are important not only to help optimize strategies to improve influenza vaccine strain selection but also to facilitate the development of new influenza vaccines.
Results

Ferret IgG is N-glycosylated
The ferret is a relevant animal model for influenza-related research. Understanding ferret antibody patterns and immune responses can also help to elucidate immune mechanisms in humans. Infection with seasonal H3N2 HK/4801 resulted in elevated antibody responses in ferrets (Fig. 1, A  and B) . In SDS-PAGE, IgGs purified from naïve or infected ferrets showed similar migration patterns as a nonspecific mouse mAb and rabbit polyclonal antibody, including heavy chains (50 kDa) and light chains (25 kDa) under reducing conditions (Fig. 1C ). Although the full-length sequence of ferret IgG is unavailable in the database, one report (23) showed a partial sequence of ferret IgG with one sequon (potential N-glycosylation site) in its heavy chain. To experimentally confirm that ferret IgG is an N-glycosylated protein, we treated purified IgG samples from naïve and HK/4801-infected ferrets with the peptide-N-glycosidase F (PNGase F), which cleaves off all types of N-glycans except for the core ␣1,3-fucosylated ones, and endoglycosidase H (Endo H), which hydrolyzes the inner bichitose of high-mannose and hybrid N-glycans. On SDS-PAGE under reducing conditions, the ferret IgG heavy chains from both naïve and infected animals migrated at ϳ 52 kDa and shifted to a lower molecular weight band (ϳ50 kDa) after treatment with PNGase F but not with Endo H treatment (Fig. 1D) . The light chains with ϳ25 kDa from both samples remained unchanged on the SDS-PAGE gel before and after these enzyme treatments. These results demonstrate that the ferret IgG heavy chains, but not light chains, are N-glycosylated and that the N-glycans of ferret IgG are mainly complex-type. Thus, ferret IgG is an N-glycosylated protein.
Figure 1. Influenza-specific antibody titers and SDS-PAGE analysis of IgGs purified from naïve and infected ferrets.
A, influenza-specific hemagglutinin inhibition (HAI) titers in pooled sera collected from four ferrets before (naïve) or after infection (infected) with H3N2 A/Hong Kong/4801/2014 (HK/4801). B, HK/4801 HA-specific antibody titers in IgGs purified from pooled sera of four naïve or four infected ferrets. C, SDS-PAGE analysis of purified IgGs from naïve and infected ferrets along with nonspecific mouse monoclonal IgG and rabbit polyclonal IgG under both nonreducing and reducing conditions. MW, molecular weight. D, purified ferret IgGs were denatured, treated with PNGase F to remove all N-glycans or Endo H to cleave at the inner bichitose of high-mannose and hybrid N-glycans, and separated on SDS-PAGE under reducing conditions. As controls, the enzymes Endo F and Endo H were also loaded on SDS-PAGE, and electrophoresis was run to help with identification of bands in the treated samples.
MALDI-TOF/MS and nanoLC-MS/MS analyses revealed 42 different N-glycan structures in ferret IgGs
Our advanced analytics allow detection of multiple glycan species in the ferret antibodies, even those at low abundance. In MALDI-TOF/MS spectra ( Fig. 2) , the monoisotopic m/z values of (M ϩ Na) ϩ ions of N-glycans were used to search for their corresponding compositions and possible structures. We found a great diversity in glycan profiles. In total, 37 unique m/z values from permethylated N-glycans from naive ferret IgG were identified. The 42 detailed structures and relative abundance of each N-glycan were determined by the following nanoLC-MS/MS analysis, which gave five more different N-glycans isomers ( Fig. 2) .
To determine the N-glycan structures, nanoLC-MS/MS analysis of reducing end-reduced and permethylated N-glycans was applied. In MS/MS measurements, both collision-induced dissociation (CID) and high-energy collisional dissociation (HCD) experiments were utilized to analyze the same samples (24) . CID and HCD experiments are complementary. In general, heavier fragment ions from stepwise glycosidic cleavage are dominant in CID spectra, whereas monosaccharide oxonium ions and their dissociated fragments are dominant in HCD spectra. HCD has no low-mass cutoff as CID does, so HCD spectra are not limited by the "one-third rule" that applies to CID spectra. In HCD, terminal monosaccharide residues are easily assigned. In addition, fragment ions of reducing end-reduced and permethylated glycans produced in HCD are very informative to assign terminal structures. Nonfucosylated reducing end GlcNAc ions at m/z 294.1911 or fucosylated reducing end GlcNAc ions at m/z 280.1755, nonreducing end terminal GlcNAc ions at m/z 260.1492, and internal GlcNAc ions at m/z 246.1336 can be differentiated and assigned (Fig.  S1 ). These fragmentation spectra can be termed "signatures of GlcNAc residues in glycans."
The high resolving power of the Orbitrap MS allows unambiguous assignment. For instance, the ion at m/z of 280.1177 and the ion at m/z of 280.1739 with a difference of 0.06 were unambiguously separated (Fig. S2 ). The former ion at m/z 280.1177 resulted from the dissociation of the oxonium ion of permethylated sialic acid residue (25) and is slightly lighter than 280.1739, and the unique fragment ion resulted from core-fucosylated GlcNAc at the reducing end.
Some m/z values of the molecular ions indicated compositions with possible N-glycan structures containing bisecting GlcNAc. To confirm them, we performed HCD on those N-glycan molecular ions. The HCD spectra of two closely related structures with m/z 1829.97 ((M ϩ H) ϩ , composition (HexNAc) 2 (deoxyhexose) 1 ϩ (Man) 3 (GlcNAc) 2 ), and 2075.10 ((M ϩ H) ϩ , 
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composition (HexNAc) 3 (deoxyhexose) 1 ϩ (Man) 3 (GlcNAc) 2 ) were compared (Fig. S3 ). The glycan with the (M ϩ H) ϩ ion at m/z 1829.97 ( Fig. S3 , left panel) without bisecting GlcNAc has a specific fragment ion at m/z 640.3175, which can be further decomposed to a lighter fragment with the loss of HOCH 3 (Ϫ32). In comparison, the glycan with bisecting GlcNAc with the (M ϩ H) ϩ ion at m/z 2075.10 ( Fig. S3 , right panel) has a specific fragment ion at m/z of 681.3440, which can be further decomposed to a lighter fragment ion at m/z 649.3157 with the loss of HOCH 3 (Ϫ32). This fragment ion was not seen in the CID spectrum, possibly because of the higher collisional energy of HCD than CID. Also, this fragment ion was verified and used to identify multiple bisecting GlcNAc-containing glycans and was proven to be very useful and specific for the identification of bisecting structures.
In complementarity to HCD, CID experiments are useful to identify branching structures. The structure with the (M ϩ H) ϩ ion at m/z 2558.36 (composition (Hex) 3 (HexNAc) 1 (deoxyhexose) 1 (NeuAc) 1 ϩ (Man) 3 (GlcNAc) 2) has no branching on the ␣1-6 Man arm of the trimannosyl core, as shown in both B ions ( Isomeric separation of permethylated glycans was partially achieved by C18 nanoLC, and the isomers were identified by MS/MS through nanoLC-MS/MS. The structures with (M ϩ H) ϩ at m/z 2483.001 (composition (Hex) 2 (HexNAc) 3 (deoxyhexose) 1 ϩ (Man) 3 (GlcNAc) 2 ) contain a possible Gal␣1-3Gal and/or its corresponding isomer with two separated terminal ␤1-3/ 4 -linked galactoses on trimannosyl core ␣1-3 and ␣1-6 Man arms, respectively. In its HCD spectra, fragment ions at m/z 668 m/z 464 were used to assign terminal Gal␣1-3Gal␤1-4GlcNAc and Gal␤1-4GlcNAc, respectively ( Fig.  S5 ), and the linkages were verified by exoglycosidase experiments. According to the peak intensities, the relative abundance of each isomer was determined to be 40% for bF1A2G2 and 60% for bF1A2Gal␣1-3Gal.
Naïve ferret IgGs had 75% of N-glycans carrying core ␣1-6fucose ( Fig. 2 ). It is known that core fucosylation of IgGs is important for its Fc-mediated effector functions (26) ; therefore, the fucosylated N-glycan structures were carefully examined.
To determine the position of fucosylation, permethylated glycans were used because it has been reported that permethylation can make the structure stable and eliminate the migration of fucose residues of native and reducing end-labeled glycans during measurement by MS (27, 28) . In addition, the reduced reducing ends of all N-glycans also provide more information to clarify the structures. The fragment ion at m/z 280.1755 was used exclusively to assign core-fucosylated reducing-end GlcNAc (Fig. S1 ). Without fucosylation, a fragment ion with the m/z shifted to 294.1911 was observed instead, a very distinctive feature in HCD spectra ( Fig. S1 ). It turned out that only coreand not antenna-fucosylated N-glycans were found in ferret IgGs, the same as in human IgGs.
A minor fraction of ferret IgG carried N-glycans with either mono-or disialylation. Just as in humans, only N-acetyl-neuraminic acid (Neu5Ac) was detected on ferret IgGs; no N-glycolylneuraminic acid (Neu5Gc) was found. This concurs with the recent discovery that ferrets have a gene mutation of CMAH (CMP-N-acetylneuraminic acid hydroxylase), the same as humans, which inactivates the hydrolase converting Neu5Ac to Neu5Gc (29) . A summary of ferret IgG N-glycans with their structures and corresponding relative abundances is shown in Table S1 . As for the site(s) of N-glycans besides the one in the Fc region of ferret IgG, it is unknown whether there are additional N-glycans in the Fab region in a subpopulation of, if not in all, total IgG.
HILIC UPLC and LC-MS accompanied by the same HILIC column quantified relative abundances of each N-glycan of ferret IgG
MALDI-TOF/MSanalysisofpermethylatedN-glycansmeasures the relative abundance of each glycan of ferret IgGs. For a precise quantification, ferret N-glycans were released by PNGase F, labeled by RapiFluor-MS, and then analyzed using HILIC UPLC equipped with a fluorescence detector. More than 26 peaks with different fluorescence intensities were detected, and in some peaks, more than one glycan was confirmed by LC-MS ( Fig. 3 and Table S2 ). In addition, some isomers were separated. Interestingly, related isomers presented as an adjacent pair of peaks in the chromatogram, such as peak 6 and p6a, P7 and P8, and P9 and P10, respectively. Based on other studies (30, 31) , the component Gal␤1-4GlcNAc in P6 and glycan peaks P7 and P9 were assigned to the ␣1-6 Man arm of the trimannosyl core. Correspondingly, the component Gal␤1-4GlcNAc in glycan peaks 6a, 8, and 10 was assigned to the ␣1-3 Man arm of the trimannosyl core. In addition, two of the isomers (P11 and P12) of the high-mannose-type glycan Man6 were separated and identified: the terminal ␣1-2 linked mannose to inner ␣1-6 Man for P11 and inner ␣1-3 Man for P12, respectively. 
N-glycan profiles of ferret IgGs A minor fraction of ferret IgG N-glycans contains an ␣Gal epitope, whereas type II chain Gal␤1-4GlcNAc occurs on all complex N-glycans
To determine the linkage of nonreducing end saccharide residues, exoglycosidases were used to selectively remove monosaccharides of specific linkages. The removal causes decreased abundance or even disappearance of specific glycans, accompanied by a shift and an increasing abundance of related lighter glycans or even the appearance of a new glycan on MALDI-TOF MS spectra. As demonstrated in an overview ( Fig. S6 ), structures with terminal Gal-GlcNAc were susceptible to ␤1-4 galactosidase but not ␤1-3 or ␣1-3galactosidase, confirming ␤1-4 linked Gals. In contrary, structures with terminal Gal-Gal were susceptible to ␣1-3galactosidase, indicative of the presence of a Gal␣1-3Gal motif.
The presence of the ␣-galactosyl (␣Gal) epitope and ␤1-4 galactose was confirmed by galactosidase treatments, as ␤1-3galactosidase did not cause any change of the spectra, whereas ␤1-4 and ␣1-3 galactosidase treatments caused a decrease in structures with terminal Gal␤1-4GlcNAc and Gal␣-3Gal, respectively. The N-glycan (m/z of 3070) disappeared after treatment with ␣1-3galactosidase ( Fig. S7 ) but not with ␤1-3 or ␤1-4galactosidase, demonstrating that this glycan contained a Gal␣1-3Gal epitope. The subsequent hexose in the structure was not removed by this ␣-glycosidase, which resulted in the accumulation of a glycan (m/z of 2866). In contrast, the terminal Gal of the glycan (m/z of 2866) was cleaved by ␤1-4 galactosidase, demonstrating that it was a type II chain, Gal␤-4GlcNAc motif. These principles were applied to the assignment of other N-glycans with relevant structures from ferret IgG. These data demonstrated that a small fraction of ferret IgG contains the ␣galactosyl epitope.
To further identify the ␣Gal-containing N-glycans, the RapiFluor-tagged N-glycans were also treated with ␣1-3galactosidase and analyzed using HILIC UPLC fluorescence. After the loss of one terminal ␣1-3-linked Gal, peaks 21, 22, and 24 disappeared, and the intensity of the corresponding peaks 17, 18, and 20 increased ( Fig. 4 ). This result demonstrated that peaks 21, 22, and 24 were derived from ␣1-3galactosylated peaks 17, 18, and 20, respectively.
Glycans with (M ϩ Na) ϩ at m/z 2260 had two isomers, and F1A2G2 was dominant at 91%, as determined previously by nanoLC-MS/MS ( Fig. S8 ). Upon treatment with different galactosidases, only ␤1-4 galactosidase significantly shifted the glycan profile. It caused two Gal residues to be removed by ␤1-4 galactosidase, with no accumulation of the glycan with one single terminal galactose (m/z of 2056). This result further confirmed that the structure determined previously by nanoLC-MS/MS had two terminal Gal␤1-4GlcNAc.
A minor fraction of ferret IgG N-glycans is mono-and disialylated exclusively with Neu5Ac
A fraction of sialylated N-glycans were found in ferret IgG samples. When N-glycans were treated with ␣2-3/6/8/9 neuramidase A and ␣2-3neuraminidase S, drastically different end products were observed between the two different neuraminidases ( Fig. S9 ). Although the sialylated structures remained 
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largely the same in MALDI-TOF/MS spectra after neuraminidase S treatment, they shifted after treatment with neuraminidase A, indicative of ␣2-6 -linked Neu5Ac on these structures, as polysialic acid structures were not detected. The MS spectra suggested the existence of several monosialylated and disialylated N-glycans in ferret IgG, with no polysialylated structures. Sialylation could be either ␣2-6 and/or ␣2-3Neu5Ac. The MALDI-TOF spectrum showed that the peak of N-glycan with disialylation (m/z 2808) disappeared after treatment of ␣2-3/ 6/8/9neuraminidase A only but not with ␣2-3 neuraminidase S ( Fig. S9 ), suggesting the existence of two terminal ␣2-6 -linked Neu5Ac. Similarly, the monosialylated glycan (m/z 2406) lost one sialic acid upon treatment with neuraminidase A, indicating that this N-glycan contained one terminal ␣2-6 -linked Neu5Ac.
Neuraminidase treatment of the RapiFluor-MS-tagged N-glycans on the UPLC chromatograms further confirmed that all sialylated N-glycans of ferret IgGs were ␣2-6Neu5Ac. Although there was little change in the chromatogram after neuramidase S treatment, the chromatogram of RapiFluor-MS-tagged N-glycans ( Fig. 4 ) showed drastic changes after neuraminidase A treatment, with disappearance of those sialylated N-glycan peaks and an intensity increase of corresponding neutral N-glycan peaks. The conclusion of ␣2-6sialylation comes from the following findings: ␣2-3 neuraminidase S did not whereas ␣2-3/6/8/9 neuraminidase A did change the MALDI-TOF/MS profiles and UPLC fluorescence chromatograms of sialylated N-glycans; as positive controls, both neuraminidases did desialylate N-glycans of fetuin, which are mixtures of both ␣2-3 and ␣2-6 sialylation (Fig. S10 ); and the sialylated N-glycans of ferret IgGs did not contain polysialic acids such as ␣2-8Neu5Ac.
The ␣Gal epitope is on the ␣1-6Man arm of ferret IgG N-glycans, and ␣2-6Neu5Ac predominantly presents on the ␣1-3Man arm of monosialylated N-glycans
Exoglycosidase treatment combined with isomeric separation by HILIC UPLC made additional isomeric assignments of the glycans possible. After neuraminidase A treatment, along with the loss of one Neu5Ac, peaks P14, 15, and 16 decreased and, correspondingly, peaks P6a, 8, and 10 increased, whereas the peaks of their related isomers P6, 7, and 9, respectively, remained the same (Fig. 4 ). Peaks 6a, 8, and 10 contain isomers with Gal␤1-4GlcNAc on the ␣1-3Man arm, indicating that the ␣2-6Neu5Ac predominantly presents on the antenna of ␣1-3-linked core trimannosyl mannose ␣1-3 Man branch; therefore, peaks P14, 15, and 16 were also assigned to be ␣1-3 Man-branched isomers. Similarly, after ␤1-4 galactosidase treatment, with the loss of one ␤1-4 -linked galactose, peaks 17, 18, and 20 were found to be related to peaks 14, 15, and 16, respectively. Therefore, with one additional ␤1-4 -linked terminal galactose on the ␣1-6Man arm, peaks 17, 18, and 20 were assigned to be the extension of isomers 14, 15, and 16, respectively. With a similar approach, ␣1-3galactosidase treatment proved that ␣Gal in peaks 14, 21, 22, and 24 was linked to ␤1-4Gal on the ␣1-6Man arm.
Unusual hybrid N-glycans are found in ferret IgGs
In the MALDI-TOF/MS and LC-MS analyses, ␣1-2Man residues were found in two hybrid N-glycans ((M ϩ Na) ϩ at m/z 2406 and 2580). Hybrid structures commonly contain complex-type structures on the ␣1-3Man arm, whereas on the ␣1-6 arm, high-mannose type structures are seen that can be linked by ␣1-3mannose and ␣1-6mannose. To confirm that the terminal mannose residue was an ␣1-2 Man in the N-glycans of ferret IgG, the N-glycans were released by PNGase F, treated with mannosidases, permethylated, and analyzed on MALDI-TOF. Treatment with ␣1-2mannosidase resulted in collapses of peaks of high-mannose N-glycans, including Man9, Man8, Man7, and Man6 to Man5, which was the final product with the loss of all ␣1-2 Man residues, indicating that ␣1-2mannosidase was highly specific and efficient ( Fig. S11 and Table S3 ). Furthermore, in a parallel experiment with ␣1-2/3/6mannosidase, the cleavage process continued past the Man5 glycoform. This is indicated by the abundance of 1187 and 1391 m/z forms. After removal of two more Man, either ␣1-3or ␣1-6 -linked Man residues were removed, the structure Man 2 -Man␤1-4GlcNAc␤ became dominant, and hydrolysis seemed to be declining drastically toward the end. It is likely that the kinetics of enzymatic cleavage decreased while approaching the inner core. These results confirmed the expected specificity and efficiency of mannosidases. The molecular ion (M ϩ Na) ϩ of a hybrid structure at m/z 2580 ( Fig. S12 ) was clearly reduced after being treated with ␣1-2mannosidase, which confirmed the ␣1-2mannose in this hybrid N-glycan. The abundance of this hybrid N-glycan was also reduced upon ␣1-2/3/6 mannosidase treatment, which is additional proof of the ␣-mannose-linked hybrid N-glycan structure. Similarly, a related nonfucosylated hybrid glycan (m/z 2406) showed a similar pattern of shift, but with less change, after being treated with ␣1-2 mannosidase and ␣1-2/ 3/6 mannosidase. This glycan seemed to be less susceptible to these two mannosidases. These results support the conclusion of the presence of single branches as in the CID fragmentation experiments ( Fig. S4 ) but with additional linkage confirmation.
RapiFluor-labeled N-glycans of ferret IgG were also treated with ␣ mannosidases and analyzed using HILIC UPLC. Treatment of ␣1-2 mannosidase reduced the peak intensity of two hybrid glycans and two Man6 isomers correspondingly, resulting in the presence of two new glycans (retention times: 17.6 and 18.6 min) and enhanced intensity of Man5, respectively (Fig. S13 ). With ␣1-2/3/6 mannosidase treatment, the shift was more obvious for the two hybrid glycans. Interestingly, after treatment with ␣1-2/3/6 mannosidase, Man6 and Man5 peaks disappeared, accompanied by the appearance of three new peaks that eluted before 10 min. This finding agrees with previous MALDI-TOF/MS results of ␣1-2/3/6 mannosidasetreated and permethylated glycans, in which three new lighter glycans with sequential loss of three mannoses were detected.
Collectively, the MS data from CID fragmentation and the results of nanoLC-MS/MS spectra and UPLC chromatograms with and without ␣-mannosidase treatments confirmed the assignment of single-branched ␣1-2 mannose to the two N-glycan profiles of ferret IgGs hybrid N-glycan structures with (M ϩ Na) ϩ at m/z of 2580 and 2406.
Preferences of ␤-galactosylation and sialylation are observed in N-glycans of ferret IgG
In neutral core-fucosylated glycans, addition of the first ␤-galactose showed a slight preference for the ␣1-3Man arm for nonbisected glycans (P8 Ͼ P7). This trend was reversed for bisected glycans, in which the first galactose was dominantly located on the ␣1-6Man arm (P9 Ͼ P10). For sialylated N-glycans, more sialylation of the ␤-galactose on the ␣1-3Man arm was observed, indicating that ST6Gal-I prefers the galactose on the ␣1-3Man arm for both bisected and nonbisected structures, as evidenced by the migration of P14, P15, and 16 toward corresponding ␣1-3Man-branched glycans P6a, P8, and P10, respectively, after neuraminidase A treatment. The trend of preferential sialylation on the ␣1-3 Man arm did not change in the presence of the second galactose, as evidenced by the disappearance of the P17, P18, and P20 intensity increase of P14, P15, and P16, respectively. Interestingly, the ␣1-3galactosidase treatment revealed that the addition of ␣1-3Gal seemed to prefer the ␣1-6Man branch (P14, 21, 22, and 24).
Bisecting GlcNAc-containing N-glycans of ferret IgGs increase after influenza A infection
A fundamental question related to IgG N-glycosylation is whether the N-glycosylation profile of ferret IgG changes upon infection with influenza viruses. Thus, IgGs purified from ferrets before and after infection with seasonal H3N2 HK/4801 virus were analyzed. There were 42 N-glycans in IgG isolated from infected ferrets according to MALDI-TOF/MS analysis (Fig. S14 ). The abundances of those permethylated N-glycans of IgGs before and after HK/4801 infection are shown in Fig. 5 . The relative abundance of F1A2G0 ((M ϩ Na) ϩ ion at m/z 1851) and F1A2G1 ((M ϩ Na) ϩ ion at m/z 2056) (with a difference of one Gal), the two most abundant and related glycans in ferret IgG, showed opposite changes after infection; the abundance of F1A2G0 increased, whereas the abundance of F1A2G1 decreased, suggesting a decrease in the galactosylation of N-glycans. In contrast to galactosylation, the relative abundance of bisecting GlcNAc-containing neutral glycans increased significantly, whereas two of the largest bisecting GlcNAc-containing sialylated N-glycans (m/z 3070 and 3227) appeared to be slightly reduced in their relative abundance. For the high-mannose type N-glycans, the abundance of Man5 increased, whereas the abundance of Man6ϳ9 N-glycans decreased after infection. Interestingly, the abundance of sialylated complex-type biantennary glycans decreased significantly after infection (ϳ50%). On the contrary, the abundance of corefucosylated glycans showed no substantial change before and after infection (75% versus 78%). Quantitative measurement of RapiFluor-MS-labeled glycans on IgG of infected ferrets by UPLC fluorescence also revealed 26 peaks (Fig. 6A ). The two UPLC chromatograms were very similar in the retention time of each peak, but the relative intensity or abundance of some peaks changed after infection. The peak areas of the corresponding peaks were compared after integration (Fig. 6B) . Overall, the changes in N-glycans of IgG after infection resembled that seen by MALDI-TOF/MS measurement, e.g. increased abundance of bisecting GlcNAc-containing N-glycans and decreased abundance for F1A2G1 as well as a decrease of 
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sialylated glycans, P21, 22, 23, and 25. It is worth noting that there were some differences in results between these two measurements because of the different methods of calculation. MALDI-TOF/MS measurement calculates relative abundance and showed an abundance of lighter glycans in the sample with infection. In addition, because the most intensified monoisotopic peaks were used to calculated relative abundance in MALDI-TOF/MS measurements, it became more diluted for heavier glycans with wider isotopic distribution compared with lighter glycans. UPLC fluorescence measurement is quantitative and gives the absolute quantity of each peak, although many peaks contain more than one major glycan and cannot be used for direct quantification of individual glycans. UPLC fluorescence measurement also did not show a differential change between isomeric pairs after infection, except for isomers of Man6, in which P11, terminal ␣1-2 Man linked to inner ␣1-6 Man, decreased, whereas P12, terminal ␣1-2 Man linked to inner ␣1-3 Man, remained the same. Currently, it is not known whether these changes in N-glycans of IgG are on the Fc or/and on its Fab in a subpopulation of total IgG or antigen-specific IgG from infected animals.
Discussion
In this study, we have shown for the first time that ferret serum IgG is an N-glycosylated protein and that the N-glycan structures are highly diverse like those of other mammalian species. Our results from this comprehensive N-glycan characterization show that there are some similarities in N-glycans between human IgGs and ferret IgGs. Like humans, ferrets only have Neu5Ac but no detectable Neu5Gc on their N-glycans, which is a feature distinct from most other mammals (32, 33) . This is consistent with a recent report that ferrets have a mutation in CMAH, as do humans, that inactivates the hydrolase that converts Neu5Ac to Neu5Gc (29, 34) . In addition, all major N-glycans observed in human IgG are also found on ferret IgGs, including core-fucosylated or noncore fucosylated N-glycans with or without bisecting GlcNAc, and a minor fraction of them is also mono-or disialylated. Similar to human IgG, sialylated N-glycans containing ␣2-6Neu5Ac represent a minor fraction of the total N-glycans in ferret IgG. One major difference between human and ferret IgG is that ferret IgGs possess ␣Gal epitopes, whereas human IgG does not have this epitope. Interestingly, the ␣Gal epitope is predominantly on the ␣1-6Man arm of complex N-glycans in ferret IgG, whereas mono-sialylated N-glycans predominantly have ␣2-6Neu5Ac on their ␣1-3Man arm. This suggests that the ␣1-3galacosyltransferase prefers the ␤-galactose on the ␣1-6Man arm as its acceptor, and ST6Gal-I prefers the ␤-galactose on the other arm i.e. ␣1-3Man of N-glycans with or without the presence of core fucose. In humans, terminal Gal␣1-3Gal does not exist, and instead, natural antibodies against the Gal␣1-3Gal epitope occur in the blood (35, 36) . It will be interesting to determine whether the Gal␣1-3Gal motif affects the function of IgGs in ferrets. Furthermore, our results also suggest that addition of the first galactose was preferentially on the GlcNAc on the ␣1-3 Man arm of nonbisecting glycans (P8 Ͼ P7) in ferret IgG, whereas it was reversed for bisected glycans in N-glycan processing (P9 Ͼ P10). This preference switch could be explained by the substrate specificity of ␤4galactosyltransferases and GnT-III and accessibility of the substrate in the context of protein structure (30) . This resembles human IgG2 and bovine IgG as well but is different from human IgG1 (24, 30) . In humans, IgG1 is the dominant subclass that has high binding affinity for Fc receptors, whereas IgG2 binds the Fc receptor weakly. Exposure to T-independent antigens such as carbohydrates carried by pathogens can alter IgG class switch recombination, resulting in selective suppression of highly functional IgG1 while enhancing less functional IgG2 (20, 37) .
To obtain detailed structural information on the N-glycans of ferret IgGs, two labeling strategies in combination with a set of comprehensive tools were utilized. These strategies included permethylation after reduction and RapiFluor-MS labeling. 
N-glycan profiles of ferret IgGs
Permethylation after reduction provides very informative clues when examining the structure through MS/MS fragmentation because reducing end and nonreducing end GlcNAc can be easily differentiated; branching, including core fucosylation and the linear structure at the core ␣1-6 Man in hybrid structures, was identified; and, importantly, bisecting GlcNAc structures were directly identified through HCD fragmentation. Identification of a bisecting GlcNAc is tedious. It can be done either through GC-MS linkage analysis of chemically hydrolyzed permethylated glycans, which can only identify the existence of bisected mannose residues (5), or by stepwise exoglycosidase trimming to identify bisecting glycans. Diagnostic D ions with the loss of one GlcNAc residue were also reported in addition to the identification of bisecting GlcNAc in positive or negative mode (38, 39) . Our approach with HCD fragmentation is direct and reliable and can be utilized to identify bisecting GlcNAc structures in permethylated glycans, in which a fragment ion with m/z of 681.3440 unique to bisecting GlcNAc was identified. In addition, permethylation is widely considered to prevent the loss of sialic acids from glycans, neutralize the charge of sialic acids, increase the sensitivity of MS detection, and facilitate quantification of the relative abundance of each glycan in the sample. Furthermore, LC separation of the permethylated glycans allowed us to separate glycans with terminal ␣1-3Gal (␣Gal) from its isomers, nonreducing end ␤Gallinked N-glycans. It is worth noting that two unique hybrid glycans with ␣1-2-linked Man to the inner Man on the ␣1-6Man arm were identified. This supports the possibility of a pathway other than the GnT1/Man5 pathway to form this hybrid structure. This is unusual for a pathway for the biosynthesis of N-glycans. It is a general perception that GnT-I utilizes Man5 as its acceptor substrate and transfers the first GlcNAc to ␣1-3 Man of the trimannosyl core via ␤1-2 linkage, forming one single branch. This is further extended by ␤-4Gal and then ␣2-3 or 2-6Sia, and the ␣1-6Man of the trimannosyl core has two branches, terminal ␣1-3 and ␣1-6Man. This unconventional structure was confirmed by ␣-mannosidase treatment (40, 41) . The strategy by RapiFluor-MS-labeled glycans on HILIC UPLC fluorescence gives us a much-needed quantitative method for the measurement of glycans. Also, to complement the permethylation/LC-MS-MS strategy, some of the RapiFluor-MS-labeled glycan isomers were better resolved on HILIC UPLC, providing more tools to identify additional glycan structures. With these practical and comprehensive strategies, analysis of permethylated reducing end-reduced glycans on MALDI-TOF/MS and (C18) LC-MS/MS and analysis of RapiFluor-MS N-glycans on HILIC UPLC fluorescence and MS, we were successfully able to assign 42 different N-glycan structures for serum IgG from naïve ferrets.
Exoglycosidase treatments are essential to confirm unique epitopes and terminal structures of glycans as well as to derive isomeric structural information of glycans. The loss of one Gal and the shift of certain peaks on the HILIC UPLC profile after ␣1-3 galactosidase treatment and MALDI-TOF/MS, respectively, confirmed that that there are four major N-glycans carrying the ␣Gal epitope. Similarly, treatment with neuraminidases confirmed that all sialylation seen on N-glycans of ferret IgG is ␣2-6Neu5Ac-linked. In addition, more isomers were identified by observing the integration of glycan peaks of ambiguous isomeric identification into known isomeric glycan peaks after exoglycosidase treatments, for example. ␣Gal is present on the ␣1-6Man arm, whereas ␣2-6Neru5Ac is on the ␣1-3Man arm. Furthermore, ␣1-2mannosidase treatment confirms the unusual hybrid structure of N-glycans with ␣1-2Man␣1-3Man on the ␣1-6 Man arm (no branching) of the trimannosyl core.
The N-glycan profiles of bulk serum IgGs of the ferret shifted after infection with a seasonal H3N2 virus. The major changes include more bisecting GlcNAc, less galactosylation of neutral N-glycans, and less sialylated N-glycans. Although there may be only a fraction of IgGs that are antigen-specific, as reported for other infectious diseases (42), these changes in N-glycan profiles of ferret IgGs are still intriguing. It suggests that virusspecific ferret IgG may carry more N-glycans with bisecting GlcNAc. Sialylated glycoforms of human IgGs are reported to have an anti-inflammatory effect (43), whereas bisecting glycans can enhance antibody-dependent cellular cytotoxic activity (ADCC) in humans (44, 45) . It has been reported that an abundance of sialylated Fc glycans predicts influenza vaccine efficiency in humans (21) . In ferrets, influenza exposure elicits a light chain-biased antibody response against the surface glycoprotein hemagglutinin (HA) (18) . The shift of ferret IgG glycan profiles observed in this study might be a programmed inflammatory reaction after exposure to influenza virus or may just reflect an augmented antibody-mediated immune response in infected ferrets or decreased/increased clearance of certain glycoforms. The exact mode of action requires profiling the N-glycans of HA-specific ferret IgG with regard to effector functions, which is still an ongoing investigation.
In this study, we observed no dramatic change in core fucosylation of N-glycans in ferret IgGs before and after infection. A similar phenomenon was also observed during HIV infection (42) . HIV patients showing persistent viral suppression were found to have antibodies with lower fucosylation (42) . These HIV patients were also found to have more functionally coordinated immune responses between IgG3/IgG1 and effector functions, including ADCC and monocyte/neutrophil phagocytosis (46) . It has been reported that core fucosylation on N-glycans of Fc in IgG can drastically reduce antibody effector functions by attenuating the interactions between IgG and Fc receptors (47) . To fine-tune this interaction, it might require a secondary level of adjustment. Recent studies show that differences in sialylation-mediated modulation only occurred in the context of core fucosylation. Without core fucosylation, sialylated and nonsialylated mAbs had similar ADCC activity (48) . In our study, we observed a notable decrease in sialylation of core-fucosylated complex-type biantennary glycans. However, the decrease in these biantennary core-fucosylated sialylated glycans might be a minor factor because the decrease in biantennary afucosylated sialylated glycans was more significant. Again, it would be much more meaningful to assess and interpret the changes in N-glycans of antigen-specific IgGs from infected ferrets.
To defend against specific infectious agents, antibodies perform two roles: directly neutralizing the pathogen and mounting an innate immunity response by recruiting innate immune N-glycan profiles of ferret IgGs machinery (42) . Glyocoform diversity can play a role in the relative strength of these two pathways. Adjustment of the glycosylation profile of antibodies triggered by infection strengthens the innate immune recruiting capacity of antibodies. Although HA-specific neutralizing antibodies are the primary defense mechanism, antibody Fc-mediated effector functions are also critical for broad cross-protection against different subtypes of influenza A viruses (49, 50) . The efficacy of a broadly neutralizing antibody depends on its FcR binding capacity, which is modulated by glycosylation (21, 51) . Introducing sialylated glycoforms of broadly neutralizing IgG into immune complexes has been shown to elicit high-affinity IgGs against conserved HA stem regions for broad protection against influenza viruses (21, 52) .
In summary, N-glycans in ferrets are highly diverse, as they are in other mammalian species. Our comprehensive profiling of the N-glycans in ferret IgGs before and after H3N2 infection filled the knowledge gap regarding the ferret immune process and influenza viruses, opening the door to in-depth investigation of the structure-function relationships of ferret IgG for improvement of vaccine strain selection and universal vaccine development.
Experimental procedures
Reagents and chemicals
Endoglycosidase H (Endo H), ␣1-2/3/6 mannosidase, ␤1-3 galactosidase, ␤1-4 galactosidase, ␣1-3/4/6 galactosidase, ␣2-3 neuraminidase S, and ␣2-3/6/8/9 neuraminidase A were obtained from New England Biolabs (Ipswich, MA). Enzyme ␣1-2 mannosidase was obtained from ProZyme (Hayward, CA). Peptide-N-glycosidase F (PNGase F) was purchased from either Prozyme or New England Biolabs. Ammonia borane complex, ␤-mercaptoethanol, sodium hydroxide beads, and methyl iodide were obtained from Sigma-Aldrich (St. Louis, MO). Micro SpinColumn active charcoal, Micro SpinColumn C18, and Micro SpinColumn empty were purchased from Harvard Apparatus (Hayward, CA). Ultrapure MALDI matrix 2,5dihydroxybenzoic acid was purchased from Alfa Aesar (Ward Hill, MA). The GlycoWorks RapiFluor-MS N-glycan kit was purchased from Waters (Milford, MA).
Ferret infection
Seronegative male ferrets (15-16 weeks old) were purchased from Triple F Farms (Gillett, PA) and were housed in a biosafety level 2 facility at the White Oak campus of the Food and Drug Administration. Under anesthesia with a ketamine/xylazine mixture, ferrets were inoculated with H3N2 A/Hong Kong/ 4801/2014 (HK/4801) via both nostrils. Blood was collected via the anterior vena cava before and 1 month after infection. All procedures were carried out in accordance with the protocol approved by the Institutional Animal Care and Use Committee of the Food and Drug Administration.
Ferret IgG purification and gel electrophoresis
Ferret IgGs were purified from pooled sera collected from four animals before and after infection using the NAb Protein A Plus Spin kit (Thermo Fisher). Total ferret IgG was quantitated using the reducing agent-compatible Pierce microplate BCA protein assay kit (Thermo Fisher). Purified ferret IgGs were separated on 4 -12% NuPAGE BisTris gels (Invitrogen) under both nonreducing and reducing conditions. Nonspecific mouse monoclonal IgG and rabbit polyclonal IgG were used as controls.
Influenza-specific antibody determination
H3N2-specific hemagglutinin inhibition titers in ferret sera were determined using 8 HA units/50 l of HK/4801 virus and 0.75% guinea pig erythrocytes in the presence of 20 nM oseltamivir as described before (7, 8, 53) . Influenza-specific IgG was assessed by ELISA using recombinant HA (Immune Technology) as the coating antigen and peroxidase-conjugated goat anti-ferret IgG (Abcam) as the detection antibody (8) .
Endoglycosidases, PNGase F, and Endo H treatment
To an aliquot of 20 g of purified ferret IgGs, 25 l of 10 mM phosphate buffer (pH 7.4) containing 0.1% SDS and 0.1% ␤-mercaptoethanol was added. The reaction mixture was incubated at 60°C in a water bath for 1 h to denature the ferret IgGs. At room temperature, 2.5 l of 10% Nonidet P-40 was added and incubated for 10 min. Of the 40-l solution, 6 l was aliquoted and 0.8 l of 10ϫ Glycobuffer 2 or 3 and 1 l of 10-fold diluted PNGase F or Endo H (New England Biolabs) were added and incubated at 37°C for 21 h. 5 l of the enzymatic reaction mixture containing 2 g of protein was separated on SDS-PAGE under reducing conditions.
Preparation of reducing end-reduced and permethylated N-glycans for MALDI-TOF/MS analysis
N-Glycans were released from the purified ferret IgG, reduced, and permethylated using a well-established protocol (54 -56) . An aliquot of 20 g of purified ferret IgGs was taken and denatured as described above. After adding 2.5 l of 10% Nonidet P-40 and incubating at room temperature for 10 min, an aliquot of 0.25 milliunits of peptide N-glycosidase F from ProZyme was added. The reaction mixture was incubated at 37°C for 21 h for a complete release of the N-linked glycans. The released N-glycans were purified by Micro SpinColumn active charcoal. The samples were dried and reduced by adding 10 l of 10 mg/ml ammonia borane complex in H 2 O at 60°C for 1 h. Excess reactants were removed by adding methanol and evaporated under a vacuum three times. Subsequently the reduced glycans were permethylated by methyl iodide in sodium hydroxide beads. The permethylated N-glycans with the reducing ends reduced were mixed with matrix dihydroxybenzoic acid, spotted on a MALDI target plate, and analyzed by a Bruker UltrafleXtreme MALDI-TOF/TOF mass spectrometer in positive ion reflector mode.
Nano-LC-MS/MS analysis of the permethylated glycans
The permethylated glycans were analyzed by nanoLC/ MS/MS using a Thermo Fisher Ultimate LC and Fusion Orbitrap MS (San Jose, CA). Briefly, the permethylated glycans were first loaded onto a trap cartridge (Thermo Fisher PepMap, C18, 5 m, 0.3 ϫ 5 mm) and then eluted onto a reverse-phase Easy-Spray column (Thermo Fisher PepMap, C18, 3 m, 100 N-glycan profiles of ferret IgGs Å) using a linear 120-min gradient of acetonitrile (2-50%) containing 0.1% formic acid at a 300 nl/min flow rate. The eluted glycans were sprayed into the Fusion Orbitrap. Data-dependent acquisition mode was enabled, and each Fourier transform mass spectrometry MS1 scan (120,000 resolution, scanned from 300 -2000 m/z) was followed by Orbitrap MS2 scans (15,000 resolution) using top speed (acquiring as many MS2 scans as possible within a 3-s cycle time). Precursor ions were fragmented using HCD and CID, respectively, with a normalized collision energy of 27% and 35%, respectively. Automated gain control targets were 2.0 ϫ 10 5 and 1.0 ϫ 10 4 , respectively, for MS1 and MS2. The spray voltage and ion transfer tube temperature were set at 1.8 kV and 250°C, respectively.
Rapid release and labeling of N-glycans with the RapiFluor-MS tag
N-glycans of ferret IgG were released and labeled by Rapi-Fluor-MS tag according to the manufacturer's protocol. Before the enzymatic release, buffer exchange was performed, and 1.2 mg/ml ferret IgG in 50 mM HEPES (pH 7) was obtained. 12 l of the IgG solution was aliquoted, and 10.8 l of water was added to a total volume of 22.8 l. Next, 5 l of 5% RapiGest SF was added, and the reaction mixture was heated at 90°C to denature the protein. N-glycans were released as glycosylamines by adding 1.2 l of Rapid PNGase F and incubating at 50°C for 5 min. After the reaction mixture was cooled at room temperature for 3 min, 12 l of RapiFluor-MS labeling reagent solution was added, and the reaction proceeded for 5 min at room temperature. 358 l of acetonitrile was added and purified on HILIC solid phase extraction provided by the manufacturer. The final eluate from HILIC solid phase extraction, containing RapiFluor-MS-labeled glycans in 90 l of 200 mM ammonium acetate in 5% acetonitrile, was mixed with 310 l of Glyco-Works sample diluent-N,N-dimethylformamide/acetonitrile.
UPLC fluorescence analysis and ultra-high-performance liquid chromatography-MS analysis of the RapidFluor-MS-labeled N-glycans
To quantify the released N-glycans from ferret IgG, the above solution was aliquoted and analyzed by UPLC with a fluorescence detector. 5 l was injected and separated on an Acquity UPLC BEH (Ethylene Bridged Hybrid) amide column (130 Å, 1.7 m, 2.1 ϫ 150 mm). A 55-min gradient was used as recommended by the manufacturer. At 60°C, with 50 mM ammonium formate (pH 4.4) as mobile phase A and acetonitrile as mobile phase B, a 35-min linear gradient changing from 25% to 46% A at a flow rate of 0.4 ml/min was used for separation. From 35 to 36.5 min, the gradient was ramped up to 100% A, and the flow rate was reduced to 0.2 ml/min, and this was maintained for 3 min to clean the column. From 39.5 to 43.1 min, the gradient was gradually changed back to 25% A, and then, from 43.1 to 47.6 min, the flow rate was increased to 0.4 ml/min and maintained until 55 min to equilibrate the column. The fluorescence detector was set with excitation at 265 nm, emission at 425 nm, and sampling rate at 2 Hz.
Another aliquot of the samples was analyzed by LC/MS using a Thermo Fisher Ultimate LC connected to Q Exactive Orbitrap MS (San Jose, CA). Briefly, the same LC conditions as on the Aquity UPLC were used, and the eluted glycans were sprayed into the Q Exactive Orbitrap under the following source conditions: spray voltage, 3.5 kV; ion transfer tube temperature, 300°C, S-lens radiofrequency level, 50; sheath gas, 40; and auxiliary gas, 10. The Fourier transform MS1 was acquired with the resolution set at 70,000 with a scan range of 200 -2000 m/z and an automated gain control target of 3.0 ϫ 10 6 .
Exoglycosidase experiments
␣1-2 mannosidase and ␣1-2/3/6 mannosidase were chosen to determine the linkage of nonreducing end-terminal Man; ␤1-3 galactosidase, ␤1-4 galactosidase, and ␣1-3/4/6 galactosidase were used to clarify the linkage of nonreducing end-terminal Gal. ␣2-3 neuraminidase S and ␣2-3/6/8/9 neuraminidase A were selected to characterize the linkage of terminal sialic acids. Briefly, N-glycans were released from purified ferret IgGs by PNGase F and purified and dried as described earlier. The dried N-glycans were redissolved in the corresponding buffers and subjected to different exoglycosidase treatments for 2 h at 37°C as suggested by the manufacturers, except for ␣1-2 mannosidase, which was treated for 22.5 h. The exoglycosidasetreated glycans were purified and dried again, followed by reduction and permethylation, and then measured by MALDI-TOF-MS. The shift of glycan peaks and change of intensities were used as clues to determine the linkages.
Exoglycosidase treatments of RapiFluor-MS-labeled N-glycans
RapiFluor-MS-labeled N-glycans were subjected to treatments with exoglycosidases to determine the glycosidic linkages. An aliquot of 20 l of RapiFluor-MS-labeled N-glycans was dried on SpeedVac and redissolved in 8 l of manufacturerrecommended exoglycosidase reaction buffer. Then 1 l of exoglycosidase was added. The reaction mixtures were incubated at 37°C for 2 h, except for ␣1-2 mannosidase, which was incubated for 24 h. The reactions were mixed with10 l of N,Ndimethylformamide and 21 l of acetonitrile, and then analyzed by UPLC fluorescence using the same condition as described above. The UPLC chromatogram profiles of exoglycosidase-treated samples were compared with their controls to identify the shifted glycans with corresponding glycosidic linkages and monosaccharide residues.
